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Introduction du travail en français.  
 
Le Staphylococcus aureus (nom commun : staphylocoque doré) est une 
bactérie classée parmi les coques à Gram positifs, possédant une coagulase. 
Ce microorganisme est un pathogène humain responsable d’une grande 
variété d’affections de gravité variable : parfois bénignes comme les infections 
cutanées ou très sévères comme l’endocardite et la septicémie. Bien qu’il 
puisse être très virulent, le Staphylococcus aureus n’infecte pas forcement son 
hôte mais le colonise ; on parle alors de porteur sain. Cette colonisation 
affecte principalement les muqueuses, et la sphère orale. L’existence de ce 
réservoir de porteurs sains capables de transmettre par simple contact manuel 
ce pathogène est à l’origine de graves problèmes de transmission rencontrés 
dans les établissements de soins.  
Originellement sensible aux antibiotiques, le Staphylococcus aureus est 
devenu progressivement résistant à un grand nombre de molécules en 
s'adaptant très rapidement à la pression sélective des antibiotiques. Le 
premier Staphylococcus aureus résistant à la pénicilline est décrit dès 1947, 
soit seulement 6 ans après sa découverte et 3 à 4 ans après le début de son 
utilisation. Le mécanisme de résistance fait intervenir une pénicillinase 
aujourd’hui rencontrée dans 50 à 80% des isolats cliniques de staphylocoque, 
suivant leur origine géographique. 
La méthicilline, une pénicilline semi-synthétique a été développée pour 
remplacer la pénicilline, mais au début des années 60 les premières souches 
résistantes à la méthicilline apparaissent. De cet état de fait dérive le nom 
actuellement employé de SARM : Staphylococcus aureus résistant à la 
méthicilline ou MRSA : Methicillin Resistant Staphylococcus aureus. La 
résistance à la méthicilline est liée à l’acquisition du gène mecA codant pour 
un variant du gène PBP (Penicillin-Binding Protein). PBP2’, le produit du gène 
mecA, possède une affinité diminuée pour la pénicilline et la méthicilline. Ce 
gène fait parti d’un élément génétique mobile appelé Staphylococcal Cassette 
Chromosome mec (SCC-mec). Cet élément SCC-mec est intégré à une 
position constante sur le chromosome bactérien nommé orfX. Cette cassette 
génétique présente deux régions inversées répétées et deux recombinases 
site-spécifique, ccrA et ccrB, responsables de l’intégration et de l’excision 
précise de l’élément SCC-mec. 
Depuis lors, l’acquisition de résistance aux antibiotiques n’a pas cessé de 
s’accélérer. Actuellement, il n’est pas rare de rencontrer des souches 
résistantes à la pénicilline, méthicilline ainsi qu’à d’autres catégories 
d’antibiotiques comme les macrolides, aminosides et fluoroquinolones. Ces 
souches sont dites multi-résistantes. Dans les cas de multi-résistances, les 
glycopeptides tels que la vancomycine ou la teicoplanine représentent les 
agents antibactériens de choix. Malheureusement les premiers isolats 
résistants à ces molécules ont été décrits dès la fin des années 90, peu de 
temps après leur introduction. Ces souches sont appelées VISA (Vancomycin 
Intermediate Staphylococcus aureus) si elles ont une résistance intermédiaire 
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ou VRSA (Vancomycin Resistant Staphylococcus aureus) si elles ont une 
résistance à de hautes concentrations d’antibiotiques.  
Depuis l’apparition des premières souches résistantes à la méthicilline, la 
prévalence du SARM n’a pas cessé d’augmenter dans de nombreux pays. 
Celle-ci suit un gradient nord-sud en Europe, avoisinant 40% dans les pays du 
sud, alors qu’elle n’est que de 5% dans le nord de l’Europe. Cette situation 
endémique n’est pas l’apanage des européens : aux Etats-Unis, en Asie 
(Japon, Taiwan) et en Océanie une situation équivalente est observée avec 
des taux de résistances variant de 30 à 80%.  
 
Jusqu’à la fin des années 90, le Staphylococcus aureus était considéré 
comme un pathogène hospitalier (Hospital Acquired-MRSA : HA-MRSA). Le 
SARM est aujourd’hui de plus en plus fréquemment responsable d’infections 
communautaires (Community Acquired-MRSA : CA-MRSA). La distinction 
entre les SARM hospitaliers et acquis en communauté est une question 
importante afin de comprendre l’évolution épidémiologique du SARM. A 
l’heure actuelle, la distinction s’effectue grâce aux données épidémiologiques, 
faisant intervenir l’historique des patients, et certains marqueurs génétiques 
des souches analysées. 
Les études épidémiologiques définissent des critères stricts permettant de 
différencier une culture positive de SARM d’origine hospitalière ou 
communautaire. L’origine hospitalière d’un SARM peut être suspectée si : i) 
une infection à SARM est identifiée plus de 48 heures après l’admission à 
l’hôpital, ii) s’il y a une anamnèse d’hospitalisation (dialyse comprise) ou de 
séjour en établissement médicalisé de longue durée dans l’année précédent 
une culture positive, iii) présence d’un cathéter ou d’équipement médical 
percutané au moment d’une culture positive, iv) existence d’une culture 
positive pour un SARM antérieure. Il ressort de ces critères que le profil du 
porteur d’une souche communautaire est un jeune (âge médian 23 ans) 
présentant souvent des infections cutanées. Les souches hospitalières se 
retrouvent dans une population plus âgée (âge médian 68 ans) ayant 
généralement des infections des systèmes urinaires ou respiratoires (Naimi 
TS et al ; Comparison of community- and health care-associated methicillin-
resistant Staphylococcus aureus infection. JAMA. 2003 Dec 10;290(22):2976-
84). 
Parallèlement à ces études épidémiologiques, des marqueurs génétiques 
propres à chacune des populations de SARM ont été découverts. Ces 
marqueurs génétiques s’intéressent à des éléments précis du génome 
bactérien, i) la composition et la taille de l’élément SCC-mec, ii) le profil de 
susceptibilité aux antibiotiques (antibiogramme) et iii) les toxines portées par 
cette souche (toxinogramme). 
Cinq types d’élément SCC-mec ont été décrits, se différenciant par leur 
composition en gènes et leur taille. Le type d’élément SCC-mec est 
généralement déterminé dans les laboratoires de référence par une PCR, 
suivie du séquençage de la région amplifiée. Trois types d’élément SCC-mec 
sont typiquement retrouvés dans des souches d’origine hospitalière : les types 
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I, II et III ayant une taille respective de 34, 53 et 67 Kb.  Le type I était 
prévalent dans les SARM isolés dans les années 60, le type II a été identifié 
en 1982 et se retrouve principalement chez les souches isolées au Japon, en 
Corée et aux USA, le type III identifié pour la première fois en 1985 est 
prévalent en Allemagne, Autriche, Inde, Afrique du Sud et dans la région 
Pacifique.  
A l’inverse du SARM hospitalier, les souches communautaires possèdent un 
élément de type IV ou V dont la taille est plus petite, généralement entre 20 et 
28 Kb. Il existe quatre variants de l’élément SCC-mec de type IV : IVa, IVb, 
IVc, IVd. Le type V, récemment  découvert, est un élément proche du type IV 
L’antibiogramme effectué sur des souches des deux  origines, montre des 
différences importantes. Les souches hospitalières portent beaucoup plus de 
marqueurs de résistances que les souches d’origine communautaire. L’origine 
hospitalière des SARM, dans notre institution, peut être suspectée devant une 
résistance à la ciprofloxacine (fluoroquinolone), à l’érythromycine (macrolide), 
et à la clindamycine (lincosamide), en plus de la résistance à la pénicilline et à 
la méthicilline. A l’inverse, les souches acquises dans la communauté ont 
tendance à être résistantes seulement à la pénicilline et à la méthicilline et 
parfois à l’acide fusidique. 
Un autre facteur discriminant est le contenu en toxines des souches. Parmi 
l’ensemble des toxines portées par le Staphylococcus aureus, la toxine de 
Panton-Valentine et les entérotoxines sont les marqueurs les plus utilisés pour 
déterminer l’origine d’un SARM. La toxine de Panton-Valentine est une 
leukocidine impliquées dans la pathogenèse de pneumonies nécrosantes et 
de furonculoses récidivantes (infections cutanées). Les entérotoxines aux 
nombres de 12 (numérotées de A à O) se répartissent équitablement entre les 
2 populations.  
Malheureusement, l’essentiel des gènes responsables de la résistance aux 
antibiotiques et ceux impliqués dans la synthèse des toxines sont très souvent 
portés par des éléments génétiques mobiles (plasmides, transposons, 
phages) susceptibles d’être transférés horizontalement. Ces éléments 
permettent de suivre le SARM mais pas de comprendre son épidémiologie 
avec certitude et fiabilité. 
Les arbres phylogéniques obtenus par des techniques moléculaires de 
génotypage, comme le séquençage de gènes hautement conservés (Multi-
Locus Sequence Typing; MLST), ou par digestion enzymatique de l’ADN 
génomique (Pulsed-Field Gel Electrophoresis; PFGE) ont démontré que les 
souches communautaires et hospitalières étaient divergentes, émanant de 
clones ancestraux différents. Le PFGE représente la technique de choix pour 
l’étude de la clonalité des populations de SARM. Son important pouvoir de 
discrimination en fait un outil particulièrement adapté pour la surveillance de 
micro-épidémies. Cette technique est cependant limitée par sa trop grande 
sensibilité (séparant des souches clonales) ainsi que l’absence de convention 
métrique, rendant difficiles les comparaisons de souches entre laboratoires. Le 
MLST est une méthode hautement discriminante pour la caractérisation 
phylogénique d’isolats bactériens. Cette technique est basée sur le 
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séquençage d’une région d’environ 450 paires de bases de 7 gènes 
hautement conservés, impliqués dans le métabolisme de la bactérie. Pour 
chacun des fragments, chaque séquence représente une forme allélique 
distincte et chaque isolat est défini par l’ensemble de ces 7 allèles formant le 
profil allélique ou « sequence type » (ST). Les isolats ayant le même profil 
allélique sont considérés comme clonaux. Un avantage majeur du MLST est 
sa capacité à comparer les résultats entre différentes centres. De plus, les 
données obtenues par MLST peuvent être utilisées pour répondre à des 
questions concernant l’évolution et la biologie de la dynamique de 
dissémination de la population de staphylocoques. Cette technique, moins 
sensible aux variations du génome, permet de faire de la macro-épidémiologie 
ainsi que des comparaisons entre laboratoires.  
Récemment, le séquençage complet de plusieurs génomes de 
staphylocoques dorés a permis le développement de nouvelles méthodes 
d’analyse moléculaire; parmi celles-ci le VNTR (ou Variable Number of 
Tandem Repeat) et les puces à ADN (ou DNA microarrays).  
Le VNTR est basé sur la présence de régions répétées de tailles variables 
dans la séquence de certains gènes. Le nombre d’unités répétées pour un 
même locus varie souvent d’une souche à une autre. Cette variation de taille 
dans un gène peut être évaluée par une réaction de PCR utilisant des 
amorces reconnaissant des régions constantes bordant ces unités répétées. 
Pour notre étude, nous avons utilisé un test développé dans notre laboratoire, 
basé sur une PCR contenant 10 paires d‘amorce permettant l’amplification de 
10 gènes présentant des régions répétées. La réaction de PCR est alors 
analysée sur un gel permettant d’évaluer la taille de chacun des amplicons 
afin d’obtenir un profil pour chaque souche. Cette technique rapide et fiable 
possède un pouvoir de discrimination proche de celui du PFGE. 
Notre laboratoire a également développé une puce à ADN (DNA microarray) 
composée de 8'200 oligonuclétides et couvrant >99% des 4 génomes de 
staphylocoques dorés séquencés (MW2, N315, Mu50, COL). Ces 
oligonucléotides sont des 60mers reconnaissant une partie de chacun des 
ORF de ces 4 génomes, c'est-à-dire qu’ils ne reconnaissent que des régions 
codantes. Cette technique puissante nous a permis d’évaluer la relation entre 
de nombreuses souches ainsi que d’apprécier le contenu génique complet de 
ces isolats.  
Le but de notre étude était d’étudier la proximité et le contenu génétique du 
SARM de profil communautaire puis de le comparer avec des SARM d’origine 
hospitalière.  
Notre collection de staphylocoques dorés est composée de 15 souches 
résistantes à la méthicilline prélevées aux Hôpitaux Universitaires Genevois 
(HUG). Cette collection a été réalisée en se basant sur l’antibiogramme, la 
présence de la toxine de Panton-Valentine et le type d’élément SCC-mec 
présent dans les souches. Deux de ces souches ont un profil hospitalier, 10 un 
profil communautaire et 3 un profil alternatif (absence de la toxine de Panton-
Valentine, antibiogramme montrant peu de résistances). Notre échantillonnage 
de souches a été analysé par les méthodes moléculaires décrites 
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précédemment : PFGE, VNTR et microarrays. Le MLST a été réalisé pour 
confirmer l’appartenance de certaines souches à de grands groupes clonaux 
décrits dans la littérature.  
De nos résultats, il ressort que les trois méthodes moléculaires utilisées 
(PFGE, VNTR et microarray) sont capables de ségréger les souches d’origine 
hospitalière de celles d’origine communautaire. Ces différentes techniques 
nous ont permis d’obtenir quatre groupes (clusters) composés de deux à sept 
isolats.  
L’arrangement de ces groupes obtenus par microarrays respecte les critères 
épidémiologiques de classification, contenu en toxines, antibiogramme, 
élément SCC-mec, regroupant les clusters contenant des isolats 
communautaires. Ceci n’est pas le cas avec le PFGE et le VNTR ou ces 
clusters sont séparés par des groupes de souches d’autres d’origines. 
D’autre part, la divergence génétique entre ces différents groupes apparaît 
faible par PFGE ou VNTR mais se révèle élevée avec une approche par 
microarrays. Ce pouvoir de discrimination important du microarray est aussi 
appréciable pour évaluer la distance entre des souches épidémiologiquement 
proches. En effet, seuls les microarrays permettent de définir des divergences 
dans certains clusters définis comme clonaux par le VNTR ou le PFGE. Ces 
résultats font du microarray la méthode ayant le pouvoir de discrimination le 
plus important. 
L’approche par microarray nous a aussi permis de mettre en évidence les 
différences de composition génétique entre nos quatre groupes de souches et 
la souche communautaire de référence MW2. Cette variation du contenu 
génétique, entre notre collection et MW2 représente entre 5 et 20% du 
génome. Ces différences sont des régions et des gènes non essentiels à la 
survie de la bactérie. Certains de ces éléments appartiennent à des structures 
déjà décrites comme mobiles (comme la toxine de Panton-Valentine). Nous 
avons aussi remarqué d’autres éléments facultatifs dont la composition en GC 
suggère qu’ils sont originaires de transfert de matériel génétique. Ces 
différences moléculaires représentent la signature biologique des souches et 
définissent le background génétique d’un isolat ou d’un groupe d’isolats.  
En conclusion, le pouvoir de résolution des microarrays permet non seulement 
d’obtenir des informations épidémiologiques importantes (p.ex. ségrégation 
des souches communautaires versus hospitalières, proximité génétique entre 
les souches), mais il autorise également une vision globale du contenu 
génétique d’une souche. Ceci nous a permis de mettre en évidence des 
régions non-essentielles du génome, ces marqueurs - inconnus jusqu’alors – 
autorisent une analyse plus précise de l’origine de nos isolats. 
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ABSTRACT 
Until recently, methicillin-resistant Staphylococcus aureus (MRSA) was 
considered as the prototype of a hospital-acquired bacterial pathogen. However, 
recent reports have shown that MRSA has now emerged in the community. 
Characterization of specific markers for distinguishing the origin of isolates could 
contribute to improve knowledge of MRSA epidemiology. The release of whole 
genome sequences of hospital- and community-acquired S. aureus strains 
allowed the development of whole-genome content analysis techniques, 
including microarrays. We developed a microarray composed of 
8’191 ORF-specific oligonucleotides covering >99% of the four sequenced 
S. aureus genomes (N315, Mu50, MW2 and COL) to evaluate gene contents of 
hospital- and community-onset S. aureus strains. In parallel, pulsed-field gel 
electrophoresis, variable number of tandem repeats, antibiogram, SCC-mec 
element typing and presence of Panton-Valentine leukocidin gene were 
evaluated in a collection of 15 clinical isolates. Clusters obtained with 
microarrays showed a high degree of similarity with those obtained by PFGE or 
VNTR. Clusters clearly segregated hospital- from community-onset strains. 
Moreover, the microarray approach allowed defining novel marker genes and 
chromosomal regions specific for given groups of isolates, thus providing better 
discrimination and additional information as compared to PFGE and VNTR. 
Finally, the CGH approach unraveled the occurrence of multiple horizontal 
transfer events leading to CO-MRSA as well as the need of a specific genetic 
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background for recipient strains, for both the acquisition and the stability of the 
mec element. 
 
INTRODUCTION 
Methicillin-resistant Staphylococcus aureus (MRSA) is the causative agent of a 
wide diversity of diseases ranging from benign skin infections to life-threatening 
diseases such as endocarditis, osteomyelitis, sepsis and toxic shock syndrome. 
MRSA was previously described as a typical nosocomial pathogen (2,4,29,36), 
but recently several outbreaks in the community have been reported (28). 
Although exportation of MRSA lineages from the hospital- to the community-
setting explains some cases, epidemiologic and genetic elements suggest that  
the community holds its own clones (10,19,49).  
Specific markers have been identified to distinguish community- from 
hospital-acquired strains: antibiotics susceptibility profiles (antibiograms), toxin 
contents (toxinograms) and SCC-mec typing. Most of these markers are carried 
by mobile genetic elements or located in genomic islands, suggesting 
transmission by horizontal transfer (3,37,54). Phylogenic trees arising from 
molecular techniques such as sequencing of highly conserved genes (Multi-
Locus Sequence Typing; MLST), or from enzymatic cleavage of genomic DNA 
(Pulsed-Field Gel Electrophoresis; PFGE) demonstrated that community and 
hospital strain populations are clearly divergent (54), originating from different 
ancestral clones. These molecular methods contributed to solve central 
phylogenetic issues. MLST revealed a powerful macro-evolutionary tool 
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recognizing common ancestries, while PFGE displayed appropriate resolution 
power for distinguishing outbreak events and providing micro-evolutionary 
analysis (6,35). However, these methods appear poorly informative for the study 
of specific gene contents in whole bacterial genomes. 
Recent progress in high throughput sequencing techniques yielded to the 
publication of numerous S. aureus genomes, thus facilitating the discovery of 
sequences that are variably repeated in the different sequenced strains. Those 
variable numbers of tandem repeats (VNTR) facilitate a new type of multilocus 
analysis. VNTR was successfully applied to the molecular study of numerous 
bacteria (38,42,43), including MRSA (21,26,44). 
Genome sequence data also permitted the development of DNA oligoarrays for 
evaluating the presence and/or the expression of genes in whole genomes of 
several bacterial pathogens (5,27,46). The use of microarray for studying MRSA 
genomic contents showed that 22% of the genome is dispensable, containing 
mainly virulence and resistance factors. Moreover, these regions contain 
mediators of lateral gene transfer such as transposase and integrase genes (20). 
Recently, Saunders and colleagues used a microarray only composed of 
virulence-associated factors and core genes (used for MLST) to study the 
evolution and pathogenic potential of S. aureus isolates. This array yielded a 
coherent phylogenetic tree (using core genes), yet providing interesting 
epidemiological information on the potential evaluation of strain virulence (47). 
To further analyze S. aureus gene contents and provide a more detailed 
molecular map, we developed an oligoarray (9) based on the genome of four fully 
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sequenced S. aureus strains: MW2 (3), N315 (37), Mu50 (37) and COL 
(http://www.tigr.org/tdb/mdb/mdbinprogress.html). This array is composed of 
8’191 ORF-specific oligonucleotides allowing >99 % coverage of these four 
genomes. In order to find molecular signatures for easier differentiation of 
hospital-acquired and community-onset strains, we examined the genomic 
contents of 15 MRSA isolates, selected from a systematic screening study. They 
are classified as community-onset (CO-MRSA) or hospital-acquired (HA-MRSA) 
methicillin-resistant S. aureus according to their antibiotic susceptibility profile, 
presence of Panton-Valentine toxin (3), and SCC-mec cassette typing (54). 
Clusters obtained by hybridizing genomic DNA on microarrays (genomotyping 
(33)) were compared to those obtained using PFGE and VNTR. The microarray 
approach allowed defining novel marker genes and chromosomal regions 
specific for given groups of isolates, thus providing better discrimination and 
additional information as compared to PFGE and VNTR. Genomotyping provides 
detailed analysis of the genome contents and is instrumental to study outbreaks 
as well as long-term strain dissemination and gene exchange, thus enriching our 
molecular arsenal for epidemiological monitoring. 
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MATERIAL AND METHODS 
Strain collection. Community-onset MRSA (CO-MRSA) strains were selected 
from a collection recovered during a screening study performed at hospital 
admission between February to August 2003, (25) and from ongoing surveillance 
of MRSA in Geneva community. 13 strains were randomly selected as potential 
CO-MRSA according to their antimicrobial susceptibility profiles, SCC-mec 
element type, and presence of the PVL gene. Moreover, 2 MRSA isolates 
(strains I and II) were added as controls, representative of our predominant HA-
MRSA clone (Table 1). Note that strains IX through XII and strain XV originated 
from three members of the same family. 
Microbiologic methods. Identification of MRSA was performed on ORSA plates 
(Oxoid, Basingstoke, United Kingdom). Further identification of MRSA was based 
on Pastorex agglutination (Bio-Rad, Reinach, Switzerland), DNase reaction on 
agar, and growth on Mueller-Hinton oxacillin plates (6 mg of oxacillin per ml). 
MRSA identification was confirmed with the Vitek 2 identification and 
susceptibility testing cards for gram positive bacteria (bioMérieux, Marcy l’Etoile, 
France).  
DNA extraction and purification. Genomic DNA (gDNA) was prepared from 
isolated colonies grown overnight on Mueller-Hinton agar at 37°C. Briefly: 109 
cells were lyzed in 100 µLTris-EDTA buffer (10mM Tris-1mM EDTA, pH=8) 
containing 50 µg/ml lysostaphin (Ambicin from Applied Microbiology, Tarrytown, 
NY) for 10 min. DNA was then isolated and purified using DNeasy® kit (Qiagen, 
Hilden, Germany) according to manufacturer’s instructions, including RNAse 
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treatment. DNA quantification and protein contaminations were assessed by 
using a NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Inc. 
Rockland, DE). 
PVL, mecA detection and SCC-mec typing. PCR assays were conducted to 
evaluate for the presence of the mecA gene (22), the Panton-Valentine 
leukocidin and the SCC-mec type element (23).  
DNA preparation for Pulsed-Field Gel Electrophoresis. Epidemiological 
typing of MRSA isolates was performed by pulsed-field gel electrophoresis 
(PFGE) of chromosomal DNA digested with SmaI (Bio-Rad) using a CHEF 
MAPPER system (Bio-Rad, Hercules, CA), according to established protocols 
(8). The banding pattern of the different gels was analyzed with the software 
GelCompar (V 4.1, Applied Math, Belgium). Interpretation of the fragment 
patterns was based on published criteria (7). Patterns differing by one to six DNA 
fragments were considered as subtypes and those distinguished by seven or 
more DNA fragments as distinct types (13,50). 
Multiple Locus Variable-Number of Tandem Repeats (VNTR) typing. 
VNTR typing assay was performed as previously described (21), but with the 
addition of two primer pairs for assessing a total of 10 target genes. SAS-F : 5’-
TTG-GAA-CAT-TCG-AAT-ATA-CAG-AGT and SAS-R 5’-TCG-ATG-TAC-TGT-
CAC-TTA-ATG-ATG’; plsR2-F 5’-AAT-TAC-AAC-GCC-TCA-AGC-TG and plsR2 
R 5’-GCA-CCA-TGG-ATG-ATT-ACT-TC.  
SCC-mec cassette sequencing. Genomic DNA of strains III, VI, VII, and VIII 
was extracted as previously described (23). The amplification reaction was 
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performed in a PTC 200 Peltier thermal cycler (MJ research, inc., Watertown, 
Mass.) in 20 µl reaction volume. Amplification conditions and sequencing primers 
for the ccr genes were selected according to a previously published study (41). 
DNA sequencing was performed with an ABI Prism 3100 sequencer (Applied 
Biosystems). Homologies were searched using blast 
(http://www.ncbi.nlm.nih.gov/BLAST/). 
Multi-locus Sequence Typing. MLST was performed on 4 isolates by PCR 
amplification of internal fragments of seven housekeeping genes by using 
previously described procedure and primers (16). PCR products were sequenced 
with an ABI Prism 3100 DNA sequencer (Applied Biosystems, Foster City, CA, 
USA). Allele numbers were assigned according to the program available from the 
MLST Web site (http://www.mlst.net).  
Microarray hybridization and scanning. Test and reference gDNAs (1µg) were 
labeled with cyanine-3 or cyanine-5 dCTP (NEN, Perkin Elmer, Foster City, USA) 
using the BioPrime DNA Labeling kit (Invitrogen, Carlsbad, CA) following 
manufacturer’s instructions. Incorporated fluorescent nucleotides were removed 
using Centrisep columns (Princeton separations, EMP Biotech, Berlin, Germany). 
Cy-3 labeled gDNAs from the four reference strains used to design the 
microarray (0.125 µg from each strain (51)) were mixed with 0.5 µg of Cy-5 
labeled test gDNA in hybridization buffer (Agilent Technologies, CA, USA), for a 
total volume of 250 µl. Hybridization mixture was heated to 95°C for 2 minutes, 
then hybridization was performed for 17 hours at 60°C with rotation in a 
dedicated hybridization oven (Robbins Scientific, Sunnyvale, CA, USA). Stringent 
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washings were then performed according to manufacturer’s instructions. Slides 
were dried under nitrogen flow, and scanned (Agilent Technologies, CA, USA) 
using 100% PMT power for both wavelengths using Agilent scanner. 
Microarray analysis. Fluorescence intensities were extracted using the Feature 
extractionÔ software (Agilent, version 6.1.1). Local background-subtracted 
signals were corrected for unequal dye incorporation or unequal load of the 
labelled product. The algorithm consisted of a rank consistency filter and a curve 
fit using the default LOWESS (locally weighted linear regression) method. 
Additional software was developed in-house to analyze the processed data. This 
software filtered the data to exclude irrelevant values, as flagged by the 
extraction software. Background noise of each experiment was evaluated by 
computing the standard deviation of negative control intensities. Features whose 
intensities were smaller than the standard deviation value of the negative 
controls were considered as inefficient hybridization and discarded from further 
analysis. The software calculated for each spot the logarithm of the ratio between 
the test channel and the control channel (log ratio). Since the control signal is 
present in each spot, this log ratio corresponds to a per feature normalization. 
Computed log ratio values were further sorted into 150 bin categories and fitted 
with a Gaussian distribution curve, using the Levenberg-Marquardt algorithm. 
The software estimated the presence probability of each oligonucleotide probe 
(EPP), as previously described (33). Values showing an EPP <1% (each 
oligonucleotide probe) were extracted and considered as absent features in the 
test channel we concentrated on the subset of probes predicted to reliably detect 
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MW2 gene targets (9). The list of absent features from each experiment was then 
clustered by the software using Dice distance and Group average linkage 
algorithm to construct a hierarchical cluster tree (14). 
Verification of divergent genes. Projection of absent features onto the genome 
map of MW2 (Genome Viewer Software, (32)) identified regions of difference 
between our collection and MW2. Flanking primers were designed with Jellyfish 
software (LabVelocity.com) to control the size of the amplicons spanning these 
regions of difference.  
We also designed primers to assess a selection of 11 cluster-specific genes. As 
each gene is covered by one to eight oligonucleotide probes on our microarray, 
selected gene targets ought to have every covering oligonucleotide probes 
present (or absent) in order to be selected. Target genes and regions within 
different clusters were amplified using 13 PCR reactions, after protocol 
optimization using MW2 genomic DNA as target control (Primer sequences in 
Table 2). PCR was performed in a PTC 200 Peltier thermal cycler in 20 µl 
reaction volume. Reactions contained 0.2mM of each deoxynucleoside 
triphosphate, 0.3 µM of each primer, 1mM of MgSO4, 0.8U of KOD Hot Start 
DNA Polymerase (Novagen, Madison, Wisc., USA). Cycling conditions were as 
follows: denaturation 2 minutes at 94°C; 35 cycles of 15s at 94°C, 20s at 60°C 
and Xs (20s/kbp, depending on the size of genes and regions) at 72°C; with a 
post-extension of 10 minutes at 72°C. PCR amplification results were evaluated 
using the Bioanalyzer 2100 with DNA 7500 chip kit (Agilent Technologies, CA, 
USA). 
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RESULTS 
Strain selection and characterization. Among 13 strains defined as potential 
CO-MRSA by their antimicrobial susceptibility profiles, only 10 (77%) possessed 
the gene of the PVL toxin, contrasting with previous reports suggesting that it 
was an efficient marker of CO-MRSA (40). The two other selected strains were 
negative for the PVL toxin, yet displayed a highly resistant antibiotic profile (Table 
1). The type of staphylococcal cassette chromosome mec (SCC-mec element) 
has also been reported as an important marker for distinguishing community- 
from hospital-acquisition (21,45). Indeed, among our PVL positive strains 7/10 
carried a type IV cassette and 3/10 a type V cassette. Among the remaining 3 
strains, two additional were type IV (15%), and one revealed type III (7%). 
Antibiotic susceptibility profiles (Table 1) showed that the two nosocomial strains 
displayed a broad resistance spectrum (strains number I and II), as opposed to 
the CO-MRSA that showed more susceptible and variable resistance patterns.  
Genomotyping and hierarchical clustering by microarray. The listing of gene 
targets reported to be absent by genomotyping was employed for cluster 
analysis. Our strain collection segregated into four clusters (Fig. 1). Cluster A 
was composed of seven strains containing the PVL toxin and a SCC-mec IV 
element. These isolates were resistant to penicillin and oxacillin, but susceptible 
to the majority of antibiotics tested (Table 1). We found in this cluster all isolates 
collected from patients of the same family (strains IX, XI and XII were isolates 
from the father, XV was an isolate from the grandfather and X from the 
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daughter). This cluster contained also two isolates (strains XIII and XIV) 
epidemiologically unrelated to the described family outbreak. We determined 
>65% similarity between strains that composed this cluster and >70% between 
isolates of the same family (included in cluster A). Cluster B was composed of 
PVL positive strains with a SCC-mec V element, but was epidemiologically 
unrelated to cluster A. As shown in Table 1, these strains were resistant to 
gentamicin and susceptible to fusidic acid, as opposed to strains from cluster A. 
In this cluster, we noted a >75% similarity and <55% difference with cluster A. 
Cluster C was composed of three PVL-negative strains with variable 
antibiograms, two of which possessed a SCC-mec IV cassette and the remaining 
one, a type III cassette. Finally, cluster D contained the 2 HA-MRSA control 
strains, displaying a SCC-mec I element. This final cluster showed the least 
similarities (only about 30%) with the other ones.  
Pulsed-Field Gel Electrophoresis. Figure 2 shows the 16 PFGE lanes that 
segregated into four major clusters. These four clusters showed the same strain 
composition as those previously assessed by microarray analysis. Cluster A 
included all five strains from the family outbreak, two unrelated isolates (strains 
XIII and XIV) and strain MW2, considered as a model of community-acquired 
MRSA (3). Note that strains IX, X and XIV appeared clonally related by PFGE. 
Cluster C and cluster D were composed of PVL negative CO-MRSA strains and 
control HA-MRSA, respectively. The most distantly related cluster, cluster B, 
included three PVL positive strains with a SCC-mec V cassette.  
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Multiple locus Variable-Number of Tandem-Repeats (VNTR) typing. VNTR 
results were analyzed with in-house software as described elsewhere (21). 
Again, cluster composition was similar as that previously determined by 
microarray analysis or PFGE (Fig. 3). A high degree of similarity was observed 
within cluster A, except for strain XIII that displayed a 10% divergence with the 
other strains composing cluster A. This represents the lowest discriminatory 
power among the three methods describing this cluster. As for PFGE, clusters C 
and D were closest to cluster A. Strains constituting cluster D appeared to be 
clonally related by VNTR. MW2 which co-clustered with cluster A by PFGE 
appeared very distantly related using VNTR. These data and clustering analysis 
were confirmed by another independent determination (not shown).   
MLST analysis. Four of the 15 MRSA isolates were further analyzed by MLST. 
SN III and IV from cluster C revealed ST239 and ST8, respectively, both being 
major clones that belong to CC239. Strain number VII from cluster B belongs to 
ST152 while SN XII from cluster A belongs to ST80. 
Circular genome view. The previous identification of four different clusters was 
used to identify and map oligonucleotide probes into cluster-specific groups. 
A cluster-specific oligonucleotide probe is defined as failing to detect its target 
gene in all strains of a given cluster. Analyses were performed with a <1% EPP, 
corresponding to the most stringent available condition. Out of 6’201 MW2-
specific oligonucleotide probes covering 2’632 ORFs, analysis revealed that 93 
(3.5%) to 520 (19.7%) probes failed to detect their cognate targets. 57 to 335 of 
these probes revealed cluster-specific, i.e. absent in all strains that compose a 
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given cluster. Surprisingly, strains composing B cluster shows the largest number 
of divergence from MW2 (335 absent oligonucleotide probes). Cluster-specific 
oligonucleotide probes were displayed on the genome of MW2 (Fig. 4), thus 
revealing that genome regions appeared discriminatory between different 
clusters. To confirm this observation, cluster-specific regions and selected genes 
were further analyzed by PCR amplification.  
Validation of microarray results. We analyzed by PCR the presence of 
11 genes showing divergent presence between the four observed clusters. 
To select a gene, we required that all probes covering that gene revealed its 
absence in all strains of a given cluster. We studied also two chromosomal 
regions consisting of more than three contiguous ORFs that were absent in one 
or more clusters, as compared with the community-acquired reference strain 
MW2. Those targets appeared widely distributed on a full genome scale (Fig. 4). 
Among our selection, genes I, II, III and IV were present in every cluster except in 
cluster B. They encode for a hypothetical protein similar to low temperature 
requirement A protein, a fibrinogen-binding protein, a serine protease and an 
hypothetical protein similar to the dihydroflavone-4-reductase, respectively 
(MW0329, MW1040, MW1753, MW305). Gene X (MW0105) encoding a capsular 
polysaccharide synthesis protein was expected to be absent in all the strains 
composing cluster B. However, an amplification band was observed in all strains 
composing this cluster (figure not show), suggesting a too stringent selection of 
the cut-off. Two genes were selected to characterize cluster C: a hypothetical 
protein similar to the two-component sensor histidine kinase (gene: VIII, 
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MW0622) and a hypothetical protein (gene: IX, MW2515). PCR confirmed their 
absence 28.77 and 31.38% GC content in strains from cluster C only. Gene V 
(MW1327) was absent in cluster D only, as determined by microarray and PCR; 
it encodes for a threonine deaminase homolog. Gene VI (extracellular 
enterotoxine L, MW0760) was absent in all the strains excepted in MW2 and 
strain XIII. Gene XI (MW1864) encodes for a truncated transposase present in all 
strains and was thus considered as a positive control for genomotyping. The last 
gene (gene: VII, MW0447) was absent from strains of cluster A; it encodes a 
conserved hypothetical protein. 
Two regions of difference were selected. As expected, regions A and B 
displayed, respectively, a lower value than the average 32.80% GC content 
measured in MW2 genome (3). Primers were designed flanking the zone of 
interest, to generate amplicons of different sizes. Jellyfish software 
(LabVelocity.com) was used for primers selection and theoretical amplicon sizes 
determination. As PCR primers were designed in conserved regions, flanking 
region of divergence, we were able to calculate the theoretical size of the PCR 
product. Region A (MW1206-MW1209) is composed of ABC transporters 
(MW1206-MW1207) and a two-component histidine kinase sensor and regulator 
(MW1208-MW1209). Based on MW2 genome, amplification of region A (Fig. 5a) 
was expected to yield a 5’987 bp fragment, in agreement with our MW2 control 
strain that yielded a 5’585 bp amplicon. Strains constituting cluster A yielded an 
amplicon size of 2’761 bp (min: 2’600 bp, max: 2’944 bp) (Fig. 5a), in agreement 
with the predicted size of that conserved region. However, no amplification signal 
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was recorded from strains of cluster B. In cluster C, strains IV and V displayed a 
shorter band than MW2 but their co-clustering strain III yielded a band of 6’333 
bp, with a probable insertion of approximately 300 bp. 
Region B (ORFs MW2308 to MW2313) contains two hypothetical proteins and a 
transcriptional regulator. This second region (Fig. 5b) generated a 3’893 bp band 
when using strain MW2, in agreement with the predicted size of 3’957 bp. Cluster 
A yielded an average size of 1’929 bp (min: 1’821, max: 2’028), in agreement 
with the predicted conserved region. In cluster B, only strain VI yielded a 4’564 
bp amplicon, thus showing a probable insertion in this region. On average, 
amplicons measured 4’138 bp and 4’163 bp, when originating from clusters C 
and D, respectively. Taken together, these results suggest that our conservative 
genomotyping approach allowed accurate detection of two regions of difference.  
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DISCUSSION 
Numerous recent reports about community-onset MRSA contributed to convince 
experts that its epidemiology represents an emerging and worldwide concern 
(54). The study of evolutionary relationship of MRSA in the community is 
controversial; while some studies report clonal origin for CA-MRSA, other 
suggest a more distant relatedness between clinical isolates (15,39). 
We describe here the characterization and analysis of a collection of CO-MRSA 
strains using whole genome oligonucleotide microarrays together with different 
standardized genotyping methods.  
Resolution power of genotyping appears better when various techniques are 
associated. Frequently, laboratories associate two genotyping techniques, one 
focusing on slow evolutionary genetic markers and another one addressing rapid 
evolutionary elements. MLST is considered as the reference method for studying 
relatedness between strains (17), while PFGE is recognized as the gold standard 
method for outbreak analysis (31,35). However, PFGE can display an over-
discriminant power by segregating clonally-related strains (6); PFGE tends to 
thus be replaced by the analysis of the mec element (12). One should also keep 
in mind that MLST can group unrelated strains under a common profile (52)(55), 
thus revealing insufficiently discriminatory power. From our study, discriminatory 
power obtained by VNTR appears lower than that of PFGE and CGH techniques. 
However cluster composition and arrangement were identical using VNTR (fig 3) 
or PFGE approaches (fig 2). Main advantages of VNTR reside in its low cost, 
moderate time consumption and high typing resolution (23). Cluster analysis by 
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microarrays is clearly the most discriminative of the three methods. The clusters 
composition is identical to the two previously cited methods although it shows a 
slightly different arrangement; this observation was also described by Koreen et 
al (35). Moreover, the CGH technique, consisting in mapping the whole 
chromosome (at a frequency of 1 probe every 400-500 bp using our array), 
allows to precisely evaluate variation between clusters and even between strains 
within each cluster. This global overview of the genomic composition highlights 
the biological signature of different clusters. 
MLST studies revealed that the main clones were ST5, ST8, and ST239. Among 
them, some specific genetic backgrounds appear able to acquire SCC-mec 
elements I-II-III and IV, while other appear capable to display only one of them 
(17,18). This observation strongly suggests that the acquisition of the mec 
element occurred during several independent acquisition events, i.e. the 
horizontal transfer of genetic material between different strains (49). 
For instance, the SCC-mec type IV (associated with the presence of the pvl gene 
and considered as a specific marker of community-onset strains) is found 
integrated in a wide diversity of genetic backgrounds and in different clones, 
including ST5 and ST8 (18). On the opposite, our study and a previous one 
performed in Switzerland (24) suggest that the new SCC-mec type V cassette is 
recovered only in a particular genetic background, namely ST 152. An Australian 
study was recently able to link the presence of the mec V element to three 
different STs: ST152, ST8 and ST45 (12). By combining VNTR, PFGE and 
microarrays, we confirmed that SCC-mec V related strains appear extremely 
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homogeneous and distantly related from all other strains, either CO-MRSA or 
HA-MRSA. This may signify that the mec V mobile element needs a particular 
genetic background to be acquired and stabilized.  
Other CO-MRSA strains analyzed in our study reveal to belong to major 
epidemic clones: SN IV mec IV belongs to ST8 (EMRSA-2, EMRSA-6), while 
SN III carrier of the mec III element belongs to ST239. As we do not differentiate 
mec III from mec IIIA, we are unable to attribute this strain to the Brazilian 
(mec IIIA) (53) or to the Hungarian clone (mec III) (34,48). Strain number XII from 
cluster A belongs to ST80, described as a preponderant clone in Greece and 
also carrier of the Panton-Valentine toxin (1). 
Taken together, these observations suggest: i) the occurrence of multiple 
horizontal transfer events leading to CO-MRSA, and ii) the need for specific 
genetic backgrounds for strain recipients, not only in terms of local prevalence, 
but also for the acquisition and the stability of the mec element (30). 
An advantage of typing the whole bacterial genome is the possibility to detect 
regions of difference between clusters of strains. In this study, we were able to 
identify different types of CO-MRSA strains: MRSA strains with the SCC-mec V 
element, CA-MRSA related to the reference strain MW2 (mec IV type) and other 
CO-MRSA strains (mec IV type or mec III type). Using our genomotyping 
analysis, our strain collection differs from MW2 by 3.5 to 19.7%. Using 
microarrays, Fitzgerald et al evaluated the dispensable part of the genome of 
Staphylococcus aureus to 22% (20). Discrepancies can be explained by the use 
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of different analytical methods and diversity of strain collections. For instance, we 
used a very conservative EPP value, whereas other authors reported the 
absence of genes with an EPP as high as 19% (11). Thus, we can hypothesize 
that we failed to detect genes that were truly absent in different strains. The 
selection of strains appears also important. Whereas Fitzgerald et al (20) 
compared MRSA and MSSA from human, ovine and bovine origin to the lab 
strain COL, we focused on the CO-MRSA recovered in our region and compared 
them with the human pathogen MW2. As expected, regions of difference are 
mainly localized in genomic regions exhibiting low GC contents, and thus likely to 
derive from horizontal transfer (20).   
Genomotyping enables precise overview of the genetic contents of a strain 
during a single experiment. Such microarray experiments highlight non-essential 
regions specific to some strains and permit to define clusters based on such 
biological signatures. Thus, they permit not only to type and characterize clinical 
isolates with high resolution capacity but also to identify genetic markers 
characterizing the origin of the strains. In this context, microarrays appear as a 
powerful technique for comprehensive genotyping and further understanding of 
genetic plasticity and strain dissemination.  
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 Table1. Antimicrobial Susceptibility Profiles  
Strain 
Number
PVL² SCCmec 
type³
PEN OXA AMI GEN NOR CLI ERY FUS MUP SXT TET FOS
I - I R R R R R R R R S S S S
II - I R R R R R R R S R S S S
III - III R R R R R S R S S R R R
IV - IV R R S S R S S S S S S S
V - IV R R S S S S S I S S S S
VI + V R R R R S S S S S S S S
VII + V R R R R S S S S S S S S
VIII + V R R R R S S S S S S S S
IX + IV R R R S S R R R R S S S
X + IV R R R S S R R R R S S S
XI + IV R R R S S S S R S S S S
XII + IV R R R S S S S R S S S S
XIII + IV R R R S S S S R S S S S
XIV + IV R R R S S S S R S S S S
XV + IV R R R S S S S R R S S S
 
¹ Abbreviations: PEN, penicillin; OXA, oxacillin; AMI, amikacin; GEN, gentamicin; 
NOR, norfloxacin; CLI, clindamycin; ERY, erythromycin; FUS, fusidic acid; MUP, 
mupirocin; SXT, co-trimoxazole; TET, tetracycline; FOS, fosfomycin; R, resistant; 
S, susceptible; I, intermediate. 
² PVL: presence (+) or absence (-) of the Panton-Valentine leukocidin. 
3 SCC-mec type.  
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Table 2. Primer sequences for amplification of 11 genes and 2 regions of 
interest. Theoretical size and GC content of amplicons based on the genome 
sequence of MW2. 
Gene number Accession number Primer Primer sequence (5'-3') Amplicon size (bp) GC%
I MW0329 F GCATTAACACCAAAACATTTAGCT 1089 30.1
R ATAAATCAGCATGATGCAGAARGT
II MW1040 F ACTACAACTACAATTGCGTCAACA 367 30.7
R AAACTAAGTTGACTGCCTTTTGTG
III MW1753 F CCTCAGTAACTGGAATAAATGCTG 648 32.77
R TAAAATCTTTGATTTGAGGCGTAA
IV MW0305 F CATGCGAATTATTTCACGATTATT 946 35.38
R TGCTAAAATTGCTTCTTYTTGTGT
V MW1327 F CAAGCATTAAACCATTTATTCGTC 929 35.16
R ATGTTCAATGACACCWGAAACTCT
VI MW0760 F ACAGTCTTATCTAACGGCGATGTA 646 28.21
R CGACATCTAGATGAAATTGTGTTG
VII MW0447 F AACGTTTATTTGAAGAGTCGAATG 359 35.19
R CATATCCATTGATAGCGTTTCTCT
VIII MW0622 F GCATGAACTGGATATTTTGGATAT 963 30.64
R CAATTTCATTTTGTAATGGGAAAA
IX MW2515 F AGTTAGTGACATAGCACGTGTGAA 414 32.83
R GCCATTATTGCTGTATTACTTTCG
X MW0105 F GTTACTTATCGGTTTAGCGGTTTT 1189 30.1
R ATCCCTTTCCATCTTTTCATATTG
XI MW1864 F CCCTCAAAATGATATTTCRCGATA 125 31.03
R TGATTTTTAACATCATTTTTGGATG
Regions Primer Primer sequence (5'-3') Amplicon length (bp)
A MW1204 F GAAAGAACATTCCCAAATAATGAA 5987 28.77
to MW1211 R TATTTGCCATTTGGTGAAAAATAC
B MW2308 F TACATCCAAATACCGCTAAGAAAA 3957 31.38
to MW 2313 R TCAAAATGATATGGAAGTTGTTGC
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Figure 1. Cluster by Microarray. 
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Figure 2. Cluster by PFGE. 
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Figure 3. Circular genome representation. 
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Figure 4. Cluster by VNTR. 
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Figure 5a. PCR results for amplicon spanning region A. 
 
 
 
 
Figure 5b. PCR results for amplicons spanning region B. 
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Figure legends 
Figure 1. Cluster analysis by microarrays, using an EPP < 1%. Roman 
characters represent strain numbers. The scale under the dendrogram shows the 
percentage of similarity among different strains. 
Figure 2. Cluster analysis by PFGE. The scale above the dendrogram shows the 
percentage of the similarity among different strains.  
Figure 3. Cluster analysis by VNTR. Roman characters represent strain 
numbers. The scale under the dendrogram shows the percentage of similarity 
among different strains.  
Figure 4. Functional genomic organization of the MW2 chromosome compared 
with 15 clinical strains. From the outside inward: the first circle represents 
nucleotide position in Mbp, the second circle shows ORFs on the plus and minus 
(36)strands with colors according to their COG functional categories. The third 
circle shows genetic mobile elements and virulence factors from MW2 (3). The 
forth circle highlights gene targets that are absent from cluster D, as compared to 
MW2. Fifth, sixth and seventh circles depict gene targets that are absent in 
clusters C, B, and A, respectively. The eighth circle represents G/C content of 
MW2. Roman characters represent gene numbers that are further analyzed. 
Figure 5a. Size variation of amplicons spanning region A. Roman numbers 
represent strain number. Each box represents a new assay. 
Figure 5b. Size variation of amplicons spanning region B. Roman numbers 
represent strain number. Each box represents a new assay. 
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